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ABSTRACT 
Carbon nanotubes thermal conductivity analysis using molecular dynamics 
simulations 
by 
Kasim Toprak 
Non-equilibrium molecular dynamics simulations are used to determine the 
thermal conductivities of (5,5) single wall carbon nanotubes. By fixing the temperatures 
of opposing ends of an armchair single wall carbon nanotube with a Nose-Hoover 
thermostat, the length dependence of thermal conductivities of single wall carbon 
nanotubes were studied in vacuum. Specifically, single wall carbon nanotubes of 12.3 
nm, 24.6 nm, and 36.9 nm lengths with varying fixed end temperatures were analyzed to 
determine thermal conductivities. In addition, the fixed end temperature lengths of single 
wall carbon nanotubes were varied to see convergence of the temperature profiles. 
The equivalent thermal resistance of single wall carbon nanotube bundle in water 
was modeled using the one dimensional heat conduction equation. The preliminary 
effective thermal conductivity of the system was calculated with different nanotube 
structures for a length ranging from 500 nm to 3000 nm to observe effective thermal 
conductivity variations. The effective thermal conductivity increases when the volume 
fraction of SWNTs and the nanotube length increase. 
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Chapter 1 
Introduction 
Recent developments in computer and electronic sciences help us to reduce the size of 
engineered devices, but at the same time, problems have arisen including cooling 
concerns for these devices. High temperatures weaken materials' mechanical and 
electrical capabilities and cause malfunctioning of the systems. Cooling such systems is 
an absolute must. However, current materials are inadequate to respond to current 
structures' needs. After nano-scale heat transfer emerged as a field of study, important 
research on improving phonon transport commenced [1]. Using high thermal 
conductivity materials such as Carbon Nanotubes (CNTs) helps to keep systems under 
required temperatures. In addition to physical research efforts in understanding 
phenomena at the nanoscale, computer simulation capability is also being markedly 
increased enabling a more comprehensive approach to studying nanomaterials [2]. Since 
CNTs are quite new materials, much attention is cast onto CNTs to find their application 
in many areas such as nanoelectronic devices and various applications within the 
automotive, aeronautics, and aerospace industries [3]. 
Che et al. [4] have shown that experimental measurements of thermal 
conductivity for an individual CNT are inadequate. Technological improvements are 
necessary to produce pure, higher quality, and well-ordered small size CNTs. Theoretical 
calculations are shown to be more accurate in finding the local thermal conduction of 
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CNTs. However, for larger numbers of atoms or molecules, some theoretical methods can 
be insufficient and slow. Molecular Dynamics (MD) simulation methods are efficient 
ways to simulate molecular scale simulations used to predict the thermal conductivity of 
the systems. Recent advances in computer power bring increased popularity and power to 
MD simulation techniques. 
In this study, the MD simulation method is used to calculate the thermal 
conductivity of a (5,5) SWNT. The length effect of Single Wall Carbon Nanotubes 
(SWNTs) is described. Then, using a one-dimensional (ID) heat model, the effective 
thermal conductivity of SWNT bundle in a water medium is approximated. 
1.1 Single Wall Carbon Nanotubes 
In the periodic table, carbon is the first element from group 14 with properties as given in 
Table 1.1. The carbon bonding is made up of covalent bonds that form in its bonds 
structures of sp, sp2, and sp3. Diamond, graphite, fullerenes, and carbon nanotube are 
well-known carbon allotropes in the materials science. Table 1.2 shows the lattice 
structures of carbon allotropes [5]. Since carbon nanotubes have sp2 bonding, CNTs are 
made up of special structures with a bonds and n bonds. The n bonding, which is the p-
structure in the hybridization, is increased to some extent compared to that of graphite. 
This property helps CNTs have stronger mechanical, electrical, and thermal properties 
allowing for better heat transport [6]. 
Since lijima [7] first discovered CNTs in 1991, it has become an important 
material in thermal sciences. There is immense interest in nanoscale graphitic structures 
and CNTs not only for their mechanical and electrical properties, but also for their 
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Table 1. 1 Properties of carbon 
Atomic Properties 
Standard atomic weight 
Atomic radius 
Covalent radius 
Van derWaals radius 
12.0107 g/mol 
0.7A 
0.77 A (sp3), 0.73 A (sp2) 
1.7 A 
Physical Propensities 
Phase- magnetic ordering 
Melting point 
Boiling point 
Molar volume 
Heat of vaporization 
Speed of sound 
Solid-diamagnetic 
3500 °C 
4827 °C 
5.29 x 10"6 mVmol 
355.8 kJ/mol 
18,350 m/s 
thermal properties, which are fundamentally important in controlling system 
performance. Thermal conductivity of a SWNT has been reported to be as high as 6000 
W/m K at room temperature by Berber et al. [8] and is higher than both diamond and 
graphite under the same conditions. Therefore, it is important for researchers to study 
Table 1. 2 The lattice structures of carbon allotropes 
Diamond 
Graphite 
Fullerenes 
Carbon nanotube 
Cubic Pentagonal 
X 
X 
Hexagonal 
X 
X 
X 
X 
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thermal conductivity of CNTs. For future microelectromechanical systems (MEMS) and 
nanoelectromechanical systems (NEMS) applications, CNTs are uniquely suitable due to 
their conspicuous properties such of great strength, light weight, and high stability [9]. 
CNTs, one of the most important nanoscale materials, are cylindrical 
nanostructures of carbon atoms. They have two types of structures: SWNT, which has 
one tube, and multi-wall carbon nanotubes (MWNT), which has a number of concentric 
tubes. Two years after the discovery of MWNTs, SWNTs were discovered by two 
groups, Iijima & Ichihashi [10] and Bethune et al. [10] each in 1993. CNT shape can be 
described as a one or multiple atom thick layer of graphene sheet, typified a hexagonal 
lattice, and rolled into a seamless cylinder as shown in Fig. 1.1. Nano scale heat transfer 
methods enable development of methods to improve phonon transport inside the nano-
devices [1]. Even at short lengths and small chiralities, theoretical calculations and 
experimental measurements show that CNTs have high thermal conductivity [11]. 
Figure 1. 1 A single hexagonal graphene sheet, and how it can be rolled to form a single 
wall carbon nanotube 
5 
Figure 1. 2 The unrolled hexagonal single wall carbon nanotube showing unit vectors, 
chiral vectors, and tube axis 
As shown in Fig. 1.2, the rolled graphene sheet is defined by the chiral (helicity) 
vector (Ch) which consists of two indices, (n,m), as shown in Eq. 1.1. T is the tube axis, 
H is the solid vector, which is perpendicular to the armchair direction, and ai and a2 are 
the unit vectors of the graphene sheet. Based on the chiral vector, Eq. 1.1, there are three 
different shapes of SWNTs as shown in Fig. 1.3. When m=0, SWNTs are called 
"zigzag"; if n=m, it is called "armchair". Otherwise it is known as "chiral". 
Ch =nax +ma2 (1.1) 
Chiral Zigzag Armchair 
Figure 1. 3 Classification of single wall carbon nanotubes 
In CNTs, the carbon-carbon (C-C) bond length is 0.142 nm based on most 
experimental measurements and theoretical calculations [5]. The diameter of SWNTs is 
calculated using the chiral vector as shown Eq. 1.2. 
D = 1.42-73 i( m +nm + -2) (1.2) 
n 
Two-dimensional layered carbon nanostructures, known as graphene, have 
received a lot of attention from experimental and theoretical scientists in recent years. 
Since graphene sheets have many applications in nanoelectronics and nanocomposites 
because of their distinct electronic, mechanical, and thermal properties, CNTs have 
application areas [12]. Depending on the chirality or diameter, SWNTs can have either 
metallic or semiconducting properties. SWNTs have metallic properties when n-m is 
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divisible by 3 or when n-m=0 (armchair). If n-m is not divisible by 3, it has 
semiconductive properties. 
1.2 Molecular Dynamics 
The MD simulation is a computer simulation and the MD simulation method is a 
computational method to predict behavior of each molecule, following their motion in 
time based on Newton's law of motion [13, 14]. MD methods are well-known methods 
for predicting the thermal properties of the molecules in statistical mechanics and 
chemistry [15]. It is an easy, fast, and accurate way to calculate nano-scale thermal 
conductivity. The MD simulation calculation depends particularly on the potential energy 
functions. Since growing high quality, well ordered, and pure CNTs is almost impossible, 
the use of MD simulation is an easy way to calculate the thermal properties of the 
systems. By MD simulation, various simulations can be done and modified easily and are 
comparable with experimental studies [16]. Two main types of MD techniques have been 
used for calculating thermal properties of CNTs: The first approach is the Non-
Equilibrium Molecular Dynamics (NEMD) method. It is based on Fourier's law 
pertaining to the axial temperature variations the tube. The second is the Equilibrium 
Molecular Dynamics (EMD), which originates from Green-Kubo and linear response 
theory [17, 18]. 
Even using identical potentials in different MD simulations, the calculated values 
of thermal conductivity of the CNTs may be different from each other because of the 
converging problem. This problem makes it necessary to clarify the thermal conductivity 
of SWNTs and find a reliable calculation. In ballistic phonon thermal transport regimes 
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there is good agreement between both experimental measurements and theoretical 
calculations but there is no reliable prediction that covers both ballistic and diffusive 
phonon thermal transport [19]. 
The purpose of this study is to investigate the length dependence of thermal 
conductivity in the SWNTs and finding the effective thermal conductivity of a SWNT 
bundle in water. Since the system is far from equilibrium state, NEMD was used to study 
the axial temperature profile of a (5,5) SWNT. First, the effect of the nanotube length is 
introduced, followed by an explanation of the optimum lengths of the temperature-
controlled parts of the CNTs. Using Fourier's law and the fast and free MD simulation 
package, GROningen MAchine for Chemical Simulations (GROMACS), the thermal 
conductivity of SWNTs is calculated. Once an understanding of the thermal conductivity 
of a SWNT was established, the effective thermal conductivity of SWNTs bundle is 
calculated in a water matrix. 
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Chapter 2 
Literature Review 
In recent studies of the thermal conductivity of S WNTs, researchers show that there is a 
strong dependence on the length of nanotubes. In this section of the study will present 
some past studies of length dependent thermal conductivity of SWNT. 
Maruyama et al. [20] studied length dependence of thermal conductivity of 
SWNTs assuming a Brenner potential. They presented the diffusive-ballistic transition of 
SWNTs by finding thermal conductivity using NEMD. A simplified form of the Brenner 
potential was used where the potential energy can be expressed as Eq. 2.1 where VR and 
VA are the repulsive and attractive forces respectively and B*. is bond order parameter. 
Phantom and Nose-Hoover thermostats were used to generate the temperature difference 
between two ends for (3,3) and (5,5) SWNTs with the length ranging from 12 nm to 1000 
nm. Nanotubes that have small temperature controlled sections will have less Thermal 
Boundary Resistance (TBR) affecting the non-equilibrium phonon distribution. The 
calculation of the thermal conductivity of SWNTs of length 1000 nm is 600 W/mK using 
a Nose-Hoover thermostat at 300K. 
£=ZZLw-^wJ (2.D 
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Alaghemandi et al. [21] studied length dependence thermal conductivity in 
SWNTs using a Reverse Non-Equilibrium Molecular Dynamics (RNEMD) method and a 
harmonic potential with different SWNTs chiralities. The thermal conductivity of (7,7) 
SWNTs was calculated to be 621 W/mK for a nanotube of length 350 nm at 300 K. The 
RNEMD method is used to calculate transport coefficients based on the reversal of the 
experimental cause and effect picture [22]. In the steady state preparation with constant 
temperature ranging, energy is transferred from the cold region to the hot region in the 
axial direction. When the system reaches its steady state, the heat flux is calculated from 
the cold region to the hot region using Eq. 2.2. 
Jz=^7, Z . T ( ^ - ^ ) (2.2) 
Z.l/1 transfer ^ 
where m is the mass of the atoms, t is the time of the simulation, A' is the cross-sectional 
area of the simulation box, and v is the velocity. In this study, Lennard-Jones potential 
was used for non-bonded atoms and a harmonic potential, given in Eq. 2.3, was used for 
bonded interactions. 
U^^kfo-bJ (2.3) 
where kbr is the force constant and rtJ is geometric factor. 
Sun et al. [23] predicted thermal conductivity of SWNTs with end effects. A 
Debye-type continuum model was used to calculate point defects and end effects. For a 
temperature of 300 K, a thermal conductivity of 2000 W/mK was found, and when 
nanotube length increases, thermal conductivity becomes less dependent onto end effects. 
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The thermal conductivity of CNTs can be expressed with point defects and end effects as 
with Eq. 2.4. 
kp(T)=X-\C2(f)vl{f,T)df = ^ 
/ c 
where C2 is the phonon spectral specific heat, / is the intrinsic mean free path, / , fc, 
and fd are phonon frequency, the equivalent cutoff frequency, and Debye frequency 
respectively, and fd =4.6xl013Hz . 
Using the EMD simulation method, Che et al. [4] calculates the convergence of 
thermal conductivity in CNTs. Their finding produces high values such as 29.8 W/cm K 
for a (10,10) SWNT. A Brenner-type bond order potential is used in this study. When the 
simulation system is small, thermal conductivity values are smaller than experimental 
calculations. On the other hand, as the simulation system increases, the computational 
prediction of thermal conductivity converges to a constant value independent of system 
size. The thermal conductivity is calculated using Eq. 2.5. 
1 ac 
k(a>) = J-CJJ(O) (2.5) 
of 
where C is the correlation function. 
Donadio et al. [24] compared thermal conductivity of (10,0) SWNTs using the 
NEMD method based on Green-Kubo and the Boltzmann Transport Equation (BTE). It 
was found that the values of thermal conductivity increase with tube length using the 
In 
V fc J 
- I n /o 
/o 
(2.4) 
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Tersoff potential. However, the results converge at around 7000 W/mK. From the BTE 
approach, thermal conductivity is given by: 
*,(<7) = C, (*K (*)*•**(*) (2.6) 
In this equation, vf(q) is the group velocity, rlph (</) is the lifetime, and C, (g) is 
the specific heat per unit volume of each vibrational state defined using Bose-Einstein 
statistics in Eq. 2.7. 
CfM(q) = -kBx2 e* , ni^ 
where kB is the Boltzmann constant and x^hco^q)/ kbT where &>,(#) is the phonon 
frequency. 
A NEMD method with the Brenner II potential was studied by Rui-Qin et al. [25] 
to find the length dependant thermal conductivity of SWNTs for lengths ranging from 22 
nm to 155 nm. (5,5) and (7,7) SWNTs were simulated under periodic boundary 
conditions and achieved a 384 W/mK thermal conductivity for a 155 nm long (5,5) 
SWNT. In this method, the predictor-corrector algorithm was used to solve the classical 
equation of motion with 0.5 fs time step. The instantaneous temperature of the CNT was 
calculated through application of Eq. 2.8 to N equal-sized regions of the tube from the 
hot region to the cold region. 
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In Eq. 2.8, the index, i, runs over the nk atoms in segment, k , with atomic mass, 
m, and velocity, v,. After the system has reached a dynamically steady state, the thermal 
conductivity is calculated by summing the energies transferred through velocity 
exchanges as in Eq. 2.9. 
y M(V2 _ v 2 \ 
i L-^ transfers 2 \ h c J ,^ QV. 
_
 2tA{dT/dz) 
The wavelength (WV) model for SWNTs can be used to calculate all phonon 
properties such as the group velocity and the number of modes. Wang et al. [26] modified 
the WV model with the second order three phonon process and N process to predict the 
thermal conductivity of SWNTs. The results were validated with experimental results 
measured using a four-pad 3a> method. The thermal conductivity can be calculated by 
summing the individual conductivities: 
k = ^ZHk*(s>P) = lLllC(s>P)v2(s>P)T(s>P) (2.10) 
s p s p 
In this equation, the volume specific heat C(s,p), the group velocity v(s,p), and 
the relaxation time T(s,p) can be expressed as: 
C(s, p) = kBx2 exp(x) / F[exp(x) -1]2 (2.11) 
v(s,p) = dco(s,p)/ds (2.12) 
14 
The variable s is WV,
 p is the polarization, and x is the non-dimensional 
phonon energy. The combined relaxation time without the point defect scattering, second 
order three phonon processes, influences of the system boundary, and N process is: 
r - 1 - r " 1 +T~1 + r~' + T - 1 
l
c ~
 l\.U T ' 2 , ( 7 T ' f l C T lN 
(2.13) 
Wang calculated the thermal conductivity of SWNTs to be 2030 W/mK for a 
1 um long nanotube at 300 K. 
Figure 2.1 shows the thermal conductivity result with different calculation 
methods. 
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Figure 2. 1 Comparison of different thermal conductivity of SWNTs calculation 
methods [4, 20, 21,23-26] 
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Chapter 3 
Thermal Conductivity of (5,5) SWNT 
3.1 Introduction 
Heat transfer is the energy transfer at the interface temperature between two systems. It is 
described as the heat transport that happened due to temperature gradients or differences 
in the systems [27]. Conduction heat transfer requires heat transfer in the stationary 
medium which can be a solid, a fluid or a gas. This phenomenon is based on the Fourier's 
law of heat conduction which assumes a homogeneous substance [28]. 
Thermal conductivity is the intrinsic properties of material that shows its ability to 
conduct heat. 
3.2 Conduction 
Conduction heat transfer occurs in a medium when then the medium is thermally non-
equilibrium. In solid materials, conduction occurs by combination of vibration of the 
atoms and molecules in the lattice. Since SWNTs show that they have high thermal 
conductivity even at smaller lengths, they have become a main material in energy 
systems [28]. 
3.3 Analysis 
An outline of the process implemented, the governing equations, parameters, and 
software used to determine the overall heat transfer of a SWNT in a pin fin environment 
16 
is given in the following sections. Using the axial temperature profiles created by the 
thermostats, the heat flux across the tube was calculated and used to determine the overall 
thermal conductivity. This study presents a parametric study of the effects on thermal 
conductivity when varying lengths and end temperatures are applied. 
GROMACS is used to implement Nose-Hoover and Berendsen thermostats; 
harmonic potentials are assumed for the carbon bonds [29]. Several cases were examined 
using a (5,5) SWNT of 12.3 nm, 24.6 nm, and 36.9 nm lengths at a temperature of 305 K. 
3.3.1 Simulation Parameters 
In the presented MD simulations, harmonic potentials are used to model the Carbon-
Carbon (C-C) bonded interaction within the SWNT using values from Guo [30], 
kt = 478900 kJ/mol.nm2 and b = 0.14210 nm. 
U(rIJ) = -kfaJ-buf (3.1) 
Here, &* describes the bonded force constant and rtj is the bond length. In 
addition to the harmonic potential, which bond the nearest neighbors, all C-C pair 
interactions are calculated using a standard Lennard-Jones potential: 
U(r0) = 4e\ 
( _\ 
Kr'JJ 
12
 / \ 
\rvj 
(3.2) 
where the values of 8 = 0.0023 kJ/mol and o = 0.3374* 10"5 nm are used to model the 
intermolecular interactions [31]. 
A GROMACS simulation box contained one SWNT and had dimensions 
/x/x/nm3 where / is the total length of the nanotube including the temperature-
17 
Figure 3. 1 A single wall carbon nanotube model 
controlled lengths. The simulation box shape is cubic which saves CPU time when 
compared to other shapes. Periodic boundary conditions are applied to minimize the edge 
effects in the x, y, and z directions of the system. After energy minimization, equilibrium 
is reached at a system temperature of 250 K by implementing a Berendsen thermostat 
[32] alone for 1 ns. Next, using a Nose-Hoover thermostat for temperature coupling, the 
simulation was continued with a temperature differential across the tube and a time step 
of 0.5 ps for 4 ns to 6 ns depending on the tube length. A constant temperature of 330 K 
is placed at one tip of the SWNT while the other tip has a temperature of 280 K for these 
simulations. Figure 3.1 shows a basic model of the nanotube divided into temperature 
control sections and the body tube section. 
3.3.2 Calculation of Thermal Conductivity 
The thermal conductivity of an individual SWNT is calculated using NEMD using a 
similar procedure as Maruyama [20]. Tubegen [33], a nanotube structure generator was 
used to generate the SWNT over various lengths. The SWNT is placed in a vacuum, and 
a Nose-Hoover thermostat is implemented to set the end temperatures and create a heat 
flux along the SWNT [11]. The Nose-Hoover thermostat is used because it is more 
efficient for extended systems and relaxing time [34]. The magnitude of the equation of 
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motion for a particle under the influence of a Nose-Hoover thermostat can be represented 
as 
P,=F,-tP, (3.3) 
and 
i = ^(T-T0) (3.4) 
where
 p is the magnitude of the momentum of atom /, F is the applied force on atom / 
, ro is the reference temperature, and T is the instantaneous temperature. The term Q is 
a constant which is defined as, 
T2T Q = -fi (3-5) 
An: 
where TT is the relaxation time. 
After we get the temperature distribution by applying Nose-Hoover thermostat, 
the heat transfer per unit area would then be 
q = -4^±- (3.6) 
A 
In the heat flux (q) equation the cross sectional area, A, is defined as A = nbd 
where b - 0.34 nm is the Van der Waals thickness. 
After the system has reached steady state, using the slope of the linear section of 
the SWNT temperature distribution in Fig. 3.2 and the heat flux from Eq. (6), the thermal 
19 
Figure 3. 2 Axial temperature distribution of (5,5) SWNTs with its temperature-
controlled lengths 
conductivity, k, can be calculated from Fourier's Law. This method is named NEMD 
and also can be called the direct method [35]. 
Several lengths of the temperature-controlled sections are used to determine the 
overall changes in thermal conductivities. Figure 3.2 shows how the axial temperature 
profiles change with nanotube length for the temperature-controlled length temperatures 
of 330 K and 280 K. Figure 3.2 also presents the expected temperature jump at the 
interface of the thermostatically controlled region with the uncontrolled region. 
Using the procedure described above, the thermal conductivity values calculated 
vary with the heat flux into the SWNT. Figure 3.3 shows the linear dependence on the 
length of the temperature-controlled length. 
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Figure 3. 3 Effect of temperature-controlled lengths on the thermal conductivity of (5,5) 
SWNTs [36] 
In this study, the calculation for the values of thermal conductivity are similar to 
Maruyama's [11, 20] and Lukes' [18] when the overall length of the SWNT is included 
and similar boundary conditions are used. Here the thermal conductivity is calculated by 
measuring the temperature profile of the nanotubes while excluding the temperature-
controlled lengths. 
Figure 3.4 shows the comparison between this work and the theoretical studies 
[11,21, 25, and 26]. The current MD study with a harmonic potential gives good results 
when it is compared to the previous theoretical models. SWNTs with lengths from 12.3 
nm to 98.4 nm are simulated with 36.9 nm-long temperature-controlled sections and 
converged thermal conductivity values. 
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Chapter 4 
(5,5) SWNT Composites 
4.1 Introduction 
One major reason for failures in electronic systems is high processor heating, and it limits 
development of advanced devices [37]. Since Maxwell [38] came up with suspensions 
containing solid particles in 1881, composite systems have become an important research 
topic. In addition to the high thermal properties of pure CNTs, it is important to 
understand immersed CNTs in a fluid, known as nanocomposites, to enhance their 
thermal properties [39]. Choi et al. [40] obtained an effective thermal conductivity 2.5 
times higher than the value of the base fluid at 1 vol % of nanotubes for nanotubes-in-oil 
suspensions. 
Because of unique physical properties of CNTs such as larger aspect ratio, they 
have become important in composite materials to improve their properties [41, 42]. CNTs 
have many applications such as nanoropes or nanobundles, nanotweezers, nanobearings, 
and so on. The CNTs embedded in composites have enhanced thermal properties of the 
energy systems [43]. Composite systems include two components; one acts as a host and 
the other as an inclusion [44]. An effective medium theory (EMT) is used most often to 
predict effective physical properties of microstructurally heterogeneous systems [45]. In 
the literature, there are many EMTs; the Maxwell-Garnett (MG) and Bruggeman theories 
are well-known models to understand thermal transport behavior. Most of the current 
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theoretical calculations are based on spherical or elliptical particle shapes at low volume 
fractions, and when applied to CNTs, results from these calculations do not agree well 
with experimental values [46]. Nan et al. [47] found that the thermal conductivity 
enhancement decreases with decreasing diameter and aspect ratio of CNTs. To date, 
some studies have been done using EMT, but there is no accurate effective thermal 
conductivity calculation that explains experimental predictions at high volume fractions 
[47]. 
For two phase systems such as composites, the effective thermal conductivity 
values are between the largest thermal conductivity kn (the system parallel to the heat 
flow) and the smallest thermal conductivity^ (the system perpendicular to the heat 
flow) [3]. 
k^=kf<p + k Q.-<p) (4.1) 
1 q> (1-p) 
— = ^ - + ^ ZL (42) 
The thermal conductivity of the system cannot exceed the higher value of kn and 
the lower value of k± values. 
Uniformly aligned and dispersed nanotubes are main needs in the composite [48]. 
However, CNTs are not fully straight in the composite systems. In the medium, some 
CNTs are touching each other. Even when the same volume fractions of CNTs are used, 
they may have different effective thermal conductivity enhancement within similar 
matrices because of dispersion of the CNTs in the medium [43]. The objective of this 
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study is to calculate the effective thermal conductivity of aligned CNTs-in-fluid 
composite systems with high volume fractions of CNTs without energy generation in the 
medium. 
4.2 Analysis 
In the following section, the heat conduction problem is modeled to determine the 
effective thermal conductivity of a (5,5) SWNT bundle for SWNTs-in-water medium 
using a one-dimensional (ID) model. The effective thermal conductivity calculations 
were performing using MATLAB. 
4.3 Calculation Parameters 
Between SWNTs, water is used as a matrix in the SWNT bundle with a thermal 
conductivity value of kwaler = 0.548 W/mK. Since SWNTs' shape is as a hollow cylinder, 
they have a longitudinal hole throughout of SWNTs. The size of this hole is quite small 
because of the small diameter of SWNTs, and it is almost impossible for water get into 
this hole. In the system, air is used in this hole with a thermal conductivity value of 
kair= 0.02624 W/mK [49]. 
The real system is assumed large in the x and y directions of the system but 
limited by the system length in the z direction of the system, but the system analyzed 
uses a cell volume of 50 ran x 50 nm x L. Since L, the length of system is same as the 
length of SWNTs, when the lengths of SWNTs are increased, the length of system also 
increases. Figure 4.1 shows the cross sectional view of the bundle system which is 
hexagonal packing of nanotubes on a 2-dimensional square. Here, h is the distance 
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Figure 4. 1 The cross-sectional view of the calculated SWNTs in water bundle system 
(a) 
Figure 4. 2 The single wall carbon nanotube bundle structures: (a) fully straight SWNT, (b) 
two SWNTs touch, (c) three SWNTs touch 
between CNTs, and W is the side width of the square simulation box. The system has 
three main shapes of SWNTs as shown in the Fig.4.2. In the real systems, they are 
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dispersed in the system with random percentages. For Fig. 4.2c, the length of L5 is 
L5 = L2-L4. In the following section, each shape will be studied as a CNT bundle. 
4.4 Calculation of Effective Thermal Conductivity 
The complex heat conduction of a SWNT bundle problem can be solved using the 
equivalent thermal resistance of a medium which depends on the geometry and thermal 
properties of the medium as illustrated in Fig. 4.3 [49]. In this figure, a fully straight CNT 
is illustrated by Fig. 4.2a, and non-straight CNT models are shown in Figs. 4.2b and 4.2c. 
The system is not grounded because the amount of heat is calculated based on the 
temperature difference between two ends of CNTs. Each thermal resistance (conduction 
resistance) is calculated from the heat conduction equation as shown in Eq. 4.3 [50]. 
Ri-i 
Fully straight CNTs Non-straight CNTs Non-straight CNTs Water 
Figure 4. 3 The equivalent thermal resistance model 
R
'-t (4'3) 
Since air is in the hole of CNT, every thermal resistance of CNT expresses 
thermal resistance of CNT with air. Thus from Fig. 4.3, the total equivalent thermal 
resistance can be calculated as 
Ta 
Ti 
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K *,-, 
1 1 1 1 1 1 
• + ...H 1 + ...H 1 K.. + -
- ^ l - J V l " ^ 2 - 1 K-2-N2 "^3-1 -^3-/V3 -*V 
(4.4) 
When the system has only fully straight CNTs-in-water, the non-straight CNT 
resistances parts in Eq. 4.4 will be zero in the calculation of equivalent thermal 
resistance. Figure 4.4 shows the equivalent thermal resistance versus the nanotube length. 
From Eqs. 4.3 and 4.4, the effective thermal conductivity of the bundle is given by 
Kff - • 
L, 
Re,4" 
(4.5) 
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Figure 4. 4 Effect of CNT lengths on the equivalent thermal resistance of fully straight 
(5,5) SWNTs bundle for SWNTs in water medium 
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Figure 4. 5 Effect of CNT lengths on the effective thermal conductivity of fully straight 
(5,5) SWNTs bundle SWNTs in water medium 
where Ar is the cross sectional area of the CNT bundle system. Figure 4.5 shows length 
dependence of the effective thermal conductivity. As seen in Fig. 4.5, when the nanotube 
length increases and the distance between CNTs decreases (volume fraction of CNTs 
increases), the effective thermal conductivity increases. Using same calculation method 
as used before, the equivalent thermal resistance of the system for non-straight CNTs can 
be calculated from Eq. 4.4. In Eq. 4.4, the variables R2.,,R2.2,..., R2.N2 represent the 
thermal resistance of the non-straight CNTs as seen Fig. 4.2b, and the variables 
R31, R3.2,..., R3.N3 are for Fig. 4.2c. Figure 4.6 shows the equivalent thermal resistance 
of a non-straight CNT bundle when the system has only Fig. 4.2b model 
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Figure 4. 6 Effect of CNT length fractions on the equivalent thermal resistance of two 
touched (5,5) SWNTs bundle for SWNT in water medium: (a) h = 3d0, (b) h = 2.5d0, (c) 
h = 2d0, (d) h = d0 
CNTs, and Fig. 4.7 presents the effective thermal conductivity for the same model as Fig. 
4.6. In Figs. 4.6 and 4.7, each figure shows the different volume fractions of nanotubes in 
the system. The length fraction effect on the effective thermal conductivity of SWNTs-in-
water medium is seen in Fig. 4.7 with different system length and volume fraction of 
nanotube when two SWNTs touch. Figures 4.8 and 4.9 show the equivalent thermal 
resistance and the effective thermal conductivity changing with length fraction when 
three SWNTs touch with different system length and volume fraction of nanotube. 
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Figure 4. 7 Effect of CNT length fractions on the effective thermal conductivity of two 
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Chapter 5 
Conclusion 
Thermal conductivity of a (5,5) SWNT was calculated using a NEMD simulation in 
vacuum. The thermal conductivity of a (5,5) SWNT was determined with nanotube 
lengths from 12.3 nm to 98.4 nm and temperature-controlled parts. The temperature-
controlled parts' temperatures were fixed to 330 K and 280 K. The results show that there 
is a length effect for SWNTs, and thermal conductivity increases with tube length. The 
thermal conductivity rise is coherent with the tube length but not fully linear. When the 
temperature-controlled part lengths increase, thermal conductivity values increase and 
they each converge to constant values when each length of the temperature-controlled 
parts reach 36.9 nm. 
The vertically oriented (5,5) SWNT bundle in water matrix modeled as one-
dimensional heat conduction. The effective thermal conductivity of the modeled (5,5) 
SWNT bundle was evaluated using different nanotube bundle structures in a water matrix 
at a temperature of 305 K. The equivalent thermal resistance was determined for different 
nanotube length, length fraction, and volume fraction. The nanotube length range is 
changing from 500 nm to 3000 nm. The results show that when the nanotube length -
which is same as the system length - increases, the equivalent thermal resistance and the 
effective thermal conductivity increase, but the effective thermal conductivity increases 
34 
and the equivalent thermal resistance decreases when the volume fraction of SWNTs 
increases. 
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